We performed time-resolved spectral investigations of two distyrylcarbazole derivatives, 2,7-and 3,6-distyrylcarbazole (2,7-DPVTCz and 3,6-DPVTCz, respectively), in dilute toluene solution and in solid films mixed with poly(methyl methacrylate) (PMMA). The lifetime of 2,7-DPVTCz in its excited state in solution is ∼100 times as great as that of 3,6-DPVTCz, consistent with their photophysical nature. The former shows intense emission, but the latter is nearly nonfluorescent in a free environment. Moreover, the lifetime of 3,6-DPVTCz in its excited state increased also ∼100 times when the molecule was encapsulated in a 3,6-DPVTCz/PMMA solid film, indicating that intramolecular motion of the molecule significantly affects the observed relaxation dynamics in a confined environment. Calculations on the excited states indicate that an efficient intersystem crossing is activated upon twisting of the bridged CsC single bond in a free 3,6-linked carbazole; such efficient deactivation is impractical in 2,7-linked carbazole or for 3,6-linked carbazole in a PMMA matrix. Information obtained from experiments on femtosecond fluorescence enables us to distinguish crucial relaxation processes in the excited state for a profound understanding of the details of vibrational and electronic relaxations of 3,6-DPVTCz in solution.
Introduction
Small molecules and polymers containing carbazole moieties have been demonstrated to be materials that transport holes effectively because the nitrogen atom in the carbazole ring bestows an electron-donating ability. [1] [2] [3] [4] [5] [6] Recently, we synthesized distyrylcarbazole derivatives and studied their physical properties for use as both hole-transporting and emitting layers in blue light-emitting diodes. 7 We designed two distyrylcarbazole derivatives with their 2,2-diphenylvinyl end groups substituted through either the 2,7-or the 3,6-position, denoted 2,7-DPVTCz and 3,6-DPVTCz, respectively; their chemical structures are shown in Chart 1. These distyrylcarbazole derivatives show bifunctional, blue-emitting, hole-transporting features for use in simple double-layer devices. We have demonstrated that the devices prepared using 2,7-DPVTCz as the emitter produced bright blue emissions having activating voltages less than 3.0 V, making them promising materials in organic light-emiting diode (OLED) applications. 8 Carbazole derivatives have also been identified as promising antitumor agents due to their strong interaction with DNA. 9 The fluorescence of the carbazole chromophore bestows a specificity in investigation of the properties of medicinal compounds in biological systems. 10 For example, a 3,6-vinylcarbazole (BMVC) was found to be an excellent telomerase inhibitor to stabilize the G-quadruplex of human telomeres, with high sensitivity as a specific fluorescence marker of cancer cells. 11 The unique spectral feature for BMVC as a sensitive biosensor is that the fluorescence of BMVC is enhanced 10-100 times upon interaction with DNA. 11b Although BMVC itself is scarcely fluorescent upon excitation in aqueous solution, strong emission is observable when the BMVC/DNA complex is formed.
Analogously, 3,6-DPVTCz is almost nonfluorescent in dilute solution, whereas 2,7-DPVTCz shows intense emission in solution. The fluorescence quantum yield (Φ f ) of the 2,7-linked carbazole (Φ f ≈ 0.5) is ∼50 times as large as that of the 3,6-linked carbazole (Φ f ≈ 0.01). 7 Calculations for model carbazole systems in their excited states 7 indicate that twisting of the adjacent CsC bonds in the 3,6-position of the carbazole core causes an efficient nonradiative relaxation to occur in dilute solution. In contrast, such intramolecular deactivation from an excited state is inefficient in 2,7-linked carbazoles.
To improve our understanding of the relaxation mechanism of the carbazole system and to answer the fundamental question about the efficient nonradiative deactivation that occurs in carbazole derivatives only with π-conjugated substituents in the 3,6-position rather than in the 2,7-position, we conducted timeresolved spectral investigations for both 2,7-DPVTCz and 3,6-DPVTCz compounds in toluene solutions and in poly(methyl methacrylate) (PMMA) films. We found that the average lifetime of 2,7-DPVTCz in its excited state is τ s ≈ 1.4 ns, whereas that of 3,6-DPVTCz is τ s ≈ 10 ps in dilute solutions. The value of τ s increased ∼100 times when the 3,6-DPVTCz molecule was encapsulated in a 3,6-DPVTCz/PMMA solid film, indicating that intramolecular motion of the molecule significantly affects the observed relaxation dynamics in the PMMA matrix. Calculations on the excited states indicate that an efficient intersystem crossing (ISC) is involved via curve crossing between the first singlet excited state (S 1 ) and the fourth triplet excited state (T 4 ) upon twisting of the bridged CsC single bond in a free 3,6-linked carbazole; such efficient curve crossing is impractical in 2,7-linked carbazole or for 3,6-linked carbazole in a restricted environment. Femtosecond relaxation dynamics of 3,6-DPVTCz in solution provide crucial dynamical information about the details of vibrational and electronic relaxation in this system on the S 1 potential-energy surface (PES). We proffer a mechanism for nonradiative relaxation of 3,6-DPVTCz in dilute solution according to both real-time observations and theoretical calculations.
Experimental Section
2.1. Materials. 2,7-DPVTCz and 3,6-DPVTCz were synthesized through Suzuki coupling from their precursors; 12-14 the detailed procedure for synthesis, purification, and characterizations is given elsewhere. 7 Samples were prepared in both solution and thin films. For solutions, 2,7-DPVTCz (or 3,6-DPVTCz) was dissolved in toluene (Merck, spectral grade) to form a homogeneous solution of concentration 1.0 × 10 -5 M.
To make thin films, we mixed 2,7-DPVTCz (or 3,6-DPVTCz) with a transparent polymer, PMMA, in a ratio of 1:1000 by mass. The carbazole/PMMA mixture is dissolved in chloroform (Merck, pro analysi) to form a viscous solution and then smoothly deposited onto a quartz plate via a standard spincoating procedure.
2.2. Steady-State Spectral Measurements. UV/visible absorption spectra of samples in solution and thin films were measured with a standard spectrophotometer (Cary 50, Varian). Fluorescence emission spectra were obtained with a composite charge coupled device (CCD) spectrometer (USB2000FLG, Ocean Optics) with an excitation source shared with the same pulsed diode laser head as used in time-resolved measurements that produces excitation pulses at λ ex ) 375 nm with an average power of ∼300 µW.
2.3. Picoseond Time-Correlated Single-Photon-Counting Measurements. Picosecond time-resolved experiments were performed with a time-correlated single-photon-counting (TC-SPC) system (Fluotime 200, PicoQuant) as reported previously. 15 The excitation source contains a picosecond diode laser head (LDH-P-C-375, PicoQuant) coupled with a laser diode driver (PDL-800B, PicoQuant) that produces light pulses of ∼70 ps at full width at half-maximum (fwhm) at a repetition rate 40 MHz. The excitation laser pulse was focused onto a solid thin film or a cuvette (thickness 1 cm) containing the sample solution. Fluorescence emitted at a right angle was collected with a lens pair. The wavelength of fluorescence was selected via a subtractive double monochromator. A microchannel-plate photomultiplier (R3809U-50, Hamamatsu) served as a photoncounting detector from which the signal was fed into a computer with a TCSPC module (SPC-630, Becker and Hickl) for data acquisition. A polarizer served to select the polarization of the emission with respect to the excitation laser pulse; in all experiments reported here the polarization was fixed at the magic-angle condition (54.7°).
2.4. Femtosecond Fluorescence Up-Conversion Measurements. The dynamics of femtosecond relaxation of the system were measured with a fluorescence optically gated (up-conversion) system (FOG100, CDP) in combination with a modelocked Ti:sapphire laser (Mira 900D, Coherent) pumped with a 10-W Nd:YVO 4 laser (Verdi-V10, Coherent). Details of this experimental setup are given elsewhere. 16 Briefly, the femtosecond laser system generates output pulses at 740 nm with durations of ∼150 fs at a repetition rate 76 MHz. The frequency of the laser pulse at 740 nm was doubled for excitation (λ ex ) 370). The residual fundamental pulse was used as an optical gate; a dichroic beam splitter served to separate excitation and gate beams. The excitation beam intensity was appropriately attenuated and then focused onto a 1-mm rotating cell containing the sample solution. The fluorescence was collected with two parabolic mirrors and focused on a -barium borate (BBO) type-I crystal. The gate pulse was also focused on the BBO crystal for sum-frequency generation. The latter signal was collected with a lens and separated from interference light with an iris, a band-pass filter, and a double monochromator (DH10, Jobin Yvon) in combination, then detected with a photomultiplier (R1527P, Hamamatsu) connected to a computer-controlled photon-counting system. On varying the temporal delay between gate and excitation pulses via a stepping-motor translational stage, we obtained a temporal profile (transient). The polarization between the pump and probe pulses was fixed at the magicangle condition (54.7°).
2.5. Data Analysis and Kinetic Model. The fluorescence transient signal, I(t), was fitted through convolution of the instrument response function g(t) with an appropriate molecular response function f(t) 17, 18 in which g(t) is a Gaussian function; the choice of f(t) relies on a proper kinetic model. When a rising feature appears in the transients, a consecutive kinetic model is employed to fit appropriately the transients in which component A is described with a single-exponential function with a decay coefficient τ 0 and component B is described with a biexponential function with a rise coefficient τ 0 and a decay coefficient τ 1 . The molecular response function f(t) is expressed accordingly as in which the preexponential factors a and b represent the relative weights (or amplitudes) of components A and B, respectively. Alternatively, a parallel kinetic model is employed to account for the observed temporal profiles showing a biphasic dynamical feature in which components B and B′ are described with a singleexponential function and decay coefficients τ 1 and τ 2 , respectively.
2.6. Computational Methods. The quantum-chemical calculations for both 2,7-linked and 3,6-linked carbazoles were performed with the Gaussian03 software package. 19 In general, geometries of molecules in the ground state were optimized at the B3LYP/6-31G(d) level of theory whereas those in the S 1 state were optimized at the CIS/6-31G(d) level of theory. Single-
point calculations for excitation energies were performed with time-dependent density-functional theory (TDDFT) at the B3LYP/6-31+G(d) level.
Results and Discussion

Steady-State Photophysical Properties.
We measured UV/visible absorption (A) and fluorescence (F) spectra of the two distyrylcarbazole derivatives in dilute toluene solutions; Figure 1 shows the corresponding spectra for 2,7-DPVTCz (solid curves) and 3,6-DPVTCz (dashed curves). The absorption maximum of 3,6-DPVTCz is located at 325 nm; i.e., it is blueshifted by ca. 50 nm with respect to that of 2,7-DPVTCz. This shift presumably originates from the disparate lengths of conjugation that result from the varied substitution patterns of 2,2-diphenylvinyl groups on the carbazole cores. In 2,7-DPVTCz, conjugation can extend over the entire molecule, whereas in the 3,6-DPVTCz there is little conjugation over large distances. This spectral feature is similar to that of carbazolebased trimers 3 or polymers 2 in which the effective electronic conjugation length is larger in the 2,7-linked species than that in the 3,6-linked species. 20 2,7-DPVTCz displays intense photoluminescence in the blue region, with its maximum at ∼460 nm. Using quinine sulfate dihydrate/H 2 SO 4 (0.5 M) aqueous solution as a standard for fluorescence quantum yield (Φ f ) 0.546), 17 we determined the value of Φ f of 2,7-DPVTCz in dilute toluene solution to be 0.57, similar to the value of 0.51 previously determined with reference to 9,10-diphenylanthracene in cyclohexane. 7 In contrast, 3,6-DPVTCz in toluene solution exhibits weak emission, with its maximum occurring also at ∼460 nm ( Figure 1) ; its fluorescence quantum yield was determined to be only ∼0.01. 7 The factor 50 for Φ f between 3,6-linked and 2,7-linked carbazoles is remarkable, and this unusual photophysical behavior between the two types was also reported in a carbazolebased trimer system. 3b We therefore undertook time-resolved investigations to understand the relaxation mechanism of the system. Figure  2 displays the fluorescence transients of 2,7-DPVTCz and 3,6-DPVTCz in toluene solution obtained using the TCSPC method at λ ex ) 375 nm and λ em ) 450 nm; the other transients (λ em ) 400-600 nm) taken under the same conditions are provided in the Supporting Information (Figures S1-S4 ). The temporal profile of the 2,7-linked species has an averaged decay coefficient τ s ) 1.4 ns whereas the decay coefficient of the 3,6-linked species is poorly determined because of the limit of instrumental resolution (τ s < 30 ps). This discrepancy in Φ f between 2,7-DPVTCz and 3,6-DPVTCz is hence consistent with the observed excited-state dynamics for an efficient nonradiative relaxation channel activated in the latter case. Φ f is related to the excited-state lifetime (τ s ) through this equation in which k r is the radiative time coefficient of the molecule. Using data extracted from Figure 1 and inserted into the Strickler-Berg relation, 21 we determined k r to be 4.8 × 10 8 and 7.0 × 10 8 s -1 for 2,7-DPVTCz and 3,6-DPVTCz, respectively. The values of Φ f are accordingly estimated to be 0.67 and <0.02 for the former and the latter, respectively; the values are consistent with those obtained from the aforementioned steady-state measurements. Picosecond time-resolved measurements have thereby confirmed the results obtained from steadystate spectral measurements and indicate the existence of an efficient channel for nonradiative relaxation that is activated in the 3,6-linked carbazole but inhibited in the 2,7-linked carbazole. To discover the nature of this nonradiative relaxation process, we performed time-resolved measurements also for the carbazole molecule without the distyryl substituents. This control experiment indicates that the carbazole core itself shows intense emission in dilute solution (τ s ) 6.8 ns), implying that an efficient nonradiative relaxation would occur for the system only with π-conjugated substituents in the 3,6-position. To disclose how nuclear motion is involved in the excited-state deactivation, time-resolved measurements were conducted in carbazole/ PMMA thin films in which nuclear motion of the molecule is substantially restricted within the rigid PMMA environment.
Picosecond Relaxation Dynamics in Solutions.
3.3. Picosecond Relaxation Dynamics in PMMA Thin Films. Figures 3A and B show absorption and fluorescence spectra of 2,7-DPVTCz and 3,6-DPVTCz in PMMA thin films, respectively; their corresponding steady-state spectra in solution are shown as dashed curves for comparison. The absorption spectra in PMMA films are similar to those in solution for both molecules, but the fluorescence spectra in PMMA films exhibit blue shifts with respect to those in solution by ∼10 nm and ∼20 nm for 2,7-DPVTCz and 3,6-DPVTCz, respectively. This 
spectral feature is different from that of carbazole-based polymers in solid films 20, 22 in which red shifts in fluorescence spectra were observed due to interchain interactions between polymer units in the solid state. Therefore, the packing effect due to intermolecular interactions is considered to be insignificant for our carbazole derivatives in the PMMA films. Because nuclear motion of the molecules is significantly inhibited in a PMMA matrix whereas they are feasible in free solvents, the observed hypsochromic shift of the fluorescence spectra in cabazole/PMMA films reflects the influence of molecular motion in a rigid environment that impedes relaxation of the geometry in the excited state. In solution, the excitedstate geometries would relax to some extent through certain nuclear coordinates so that the corresponding fluorescence spectra are shifted to the greater wavelength region. The spectral shift for 3,6-linked carbazole is significantly greater than that for 2,7-linked carbazole, implying that the change of the excitedstate geometry in solution is greater for the former than that for the latter.
Figures 4A and B display picosecond fluorescence transients of 2,7-DPVTCz and 3,6-DPVTCz in PMMA thin films, respectively, measured with λ ex ) 375 nm and λ em ) 450 nm (Supporting Information, Figures S5-S8 , for other transients at λ em ) 400-600 nm); their corresponding transients in solution are shown as dashed curves for comparison. For 2,7-DPVTCz ( Figure 4A ), we found that the temporal profile in PMMA film shows only slightly slower decay kinetics than that in solution. The transient for the PMMA film is satisfactorily fitted with two exponential decay functions with the small and the large coefficients being 1.8 ns (∼0.9) and 11 ns (∼0.1), respectively; the corresponding relative amplitudes are shown in parentheses. The lifetime of 2,7-DPVTCz in its excited state in a PMMA film is averaged to be 2.7 ns. The transient of 2,7-DPVTCz in solution is dominated by the component for rapid decay, and the change of lifetime of excited states between the two environments is insignificant. In contrast, the temporal profile of 3,6-DPVTCz in PMMA film shows a prominently increased lifetime of its excited state relative to the lifetime in solution ( Figure 4B ). The transient in PMMA film is fitted with two exponential decay functions with the time coefficients being 0.9 ns (∼0.6) and 3.0 ns (∼0.4) for rapid and slow processes, respectively; the average excited-state lifetime is 1.7 ns. The lifetime of 3,6-DPVTCz in its excited state in solution is less than ca. 30 ps whereas it becomes significantly greater in PMMA film (τ s ≈ 2 ns) when nuclear motion is substantially inhibited in the solid matrix; the discrepancy in τ s between the two environments is remarkable. This observation is consistent with another 3,6-linked carbazole system (BMVC) in which the intensity of fluorescence was found to increase by 10-100 times when BMVC recognizes DNA in a specific binding site. 11 According to these observations, we conclude that deactivation of a carbazole derivative in its excited state becomes efficient when a key nuclear motion is activated for the system with π-conjugated substituents in the 3,6-position rather than in the 2,7-position.
3.4. Femtosecond Relaxation Dynamics of 3,6-DPVTCz in Solution. Because the decay coefficients of fluorescence transients of 3,6-DPVTCz in solution are too small to be resolved with the TCSPC technique, we performed femtosecond time-resolved experiments for the system using fluorescence up-conversion. The dissolved samples were excited with femtosecond pulses at λ ex ) 370 nm, and the resulting emissions (λ em ) 420-560 nm) were collected through sum-frequency generation (gated pulse at λ ) 740 nm). Figures 5A-D decay feature: The first decay coefficient τ 1 characterizes the transients at large delays whereas the second coefficient τ 2 characterizes the transients at small delays. For the fit we therefore employed a parallel kinetic model as shown in eqs 4 and 5. The spike signal shown as a dotted curve in Figure 5A (λ em ) 420 nm) results from the interference of the excitation pulse. The values of τ 1 increase slightly from 8.6 ps at λ em ) 420 nm to 11.0 ps at λ em ) 460 nm, and the corresponding relative amplitudes also increase from 0.54 to 0.77. In contrast, the values of τ 2 increase substantially from 1.0 ps at λ em ) 420 nm to 2.7 ps at λ em ) 460 nm, but the corresponding relative amplitude decreases from 0.46 to 0.23. When the transient is obtained at λ em ) 480 nm ( Figure 5D ), the second decay component is negligible (the amplitude is too small to yield a meaningful fit), and the first decay component becomes dominant with coefficient τ 1 fitted to be 10.4 ps. Therefore, the second decay component of the transients is observable only in the shorter emission wavelength region, and its amplitude decreases rapidly as the probe window moves to increasing wavelength. The transients obtained at both 460 and 480 nm show slightly a rising feature, indicating that an intermediate species might be involved in these transients; for this reason they were fitted better with two components according to a consecutive kinetic model discussed below.
Figures 6A-D show the femtosecond transients of 3,6-DPVTCz in solution at λ em ) 500, 520, 540, and 560 nm, respectively; the insets show the corresponding transients in a smaller time window (∼5 ps). Because a rising feature is here unambiguously shown at the shorter delays of the transients, a consecutive kinetic model (eq 2) was implemented to fit these transients. As a result, the transients were fitted perfectly with two components: The first component (A) decays with a time coefficient τ 0 , and the second component (B) rises in τ 0 but decays with a time coefficient τ 1 . The values of τ 0 were determined to be 160 and 230 fs at λ em ) 460 and 480 nm ( Figures 5C and D) , respectively, but increased (τ 0 ) 600 fs) at λ em ) 520 nm; τ 0 makes no sensible change for λ em greater than 520 nm. The relative amplitudes also alter systematically from 0.44 at λ em ) 480 nm to 0.37 at λ em ) 560 nm, but the value of τ 1 slightly increases from 10 ps at λ em ) 480 nm to 12 ps at λ em ) 560 nm; the corresponding relative amplitude increases from 0.56 to 0.63. B is the dominant decay component in the transients shown in Figure 6 with the decay coefficient comparable to that observed in the region of smaller wavelength ( Figure 5) .
3.5. Theoretical Calculations. We performed quantumchemical calculations for excited states of model systems to rationalize both the observed large discrepancy in Φ f and the observed relaxation dynamics between 3,6-DPVTCz and 2,7-DPVTCz. To diminish the computational cost and to make a systematic comparison, we replaced all phenyl groups with saturated hydrocarbons with only one carbon atom to serve as model systems in these calculations. As a result, the model systems contain one ethyl group connected to the central N atom and two dimethylvinyl groups connected to the carbazole core in either the 2,7-or 3,6-position. The optimized geometries of the 2,7-and 3,6-linked species are basically nonplanar with two bridged CsC bonds being twisted substantially: Two bridged CsC bonds are twisted through a common torsional angle δ ) 37-38°for both molecules in the S 0 state. In Figure 7 , we show the corresponding HOMO and LUMO of the carbazole derivatives optimized in the S 0 state for comparison. Because electronic excitation from HOMO to LUMO produces the S 1 state, the orbital features shown in Figure 7 might provide important clues to understand the distinct photophysical behavior between the carbazole substituents of the two types. For the HOMO, π-conjugation of the orbitals is effectively extended to the dimethylvinyl groups in both 2,7-and 3,6-linked carbazoles, but the bridged CsC bonds retain a single-bond character in both cases. In contrast, the LUMO shows an extension of π-conjugation over the two dimethylvinyl groups to occur for substituents in only the 2,7-rather than the 3,6-position, which makes the bridged CsC bonds in the 2,7-linked carbazole display a double-bond character. Accordingly, we illustrate the concept of π-conjugation in Scheme 1: The positive and negative charges are completely separable through electronic resonance in the 2,7-linked molecule in the singlet π,π* excited state, 23 whereas charge separation is localized in only the carbazole core of the 3,6-linked molecule. Hence electron redistribution in the 2,7-linked carbazole causes the original flexible CsC single bond between the dimethyllvinyl moiety and the carbazole core to become a rigid bridge having double-bond character as rotation about the CsC double-bond axis becomes unfavorable in the S 1 state. Localization of the π-conjugation in the carbazole core of the 3,6-linked molecule in the S 1 state does not affect its feasible CsC single-bond twisting motion, thus enabling efficient nonradiative relaxation. We thus expect that rotation about the bridged CsC bonds in the 2,7-linked carbazole is more difficult than in the 3,6-linked carbazole in the S 1 state.
The optimized S 1 minimum (min) structures of 2,7-and 3,6-linked carbazoles are shown in Figures 8A and B , respectively. The two bridged CsC bonds of the former are shorter than those of the latter, which is consistent with the π-conjugation concept shown in Scheme 1. We found that the optimized symmetrical S 1 structure of 2,7-linked carbazole (δ ) 27.7°) is a true minimum with all vibrational frequencies being positive numbers (Supporting Information, Documents S1-S2). The optimized symmetrical S 1 structure of 3,6-linked carbazole (δ ) 37.5°), however, involves one imaginary frequency (920i cm -1 ) corresponding to an asymmetrical nuclear motion; further geometry optimization without constraint of molecular symmetry produces an asymmetric structure corresponding to the S 1 (min) of 3,6-linked carbazole with two bridged CsC bonds being twisted by 35.0°and 48.9°, respectively. The symmetrical S 1 structure of 3,6-linked carbazole, S 1 (sym), is therefore considered to act as a transition structure connecting both asymmetric minima on the S 1 PES.
Rotation about the bridged CsC bonds toward a twisted geometry would involve an energy barrier for both model systems because of failure of the extension of π-conjugation in the LUMO for the 2,7-linked carbazole and in the HOMO for both molecules. We classify two reaction pathways through rotation of the bridged CsC bonds: The single CsC twisting reaction path is followed by twisting only one bridged CsC bond and setting the other one free whereas the concerted Cs C twisting reaction path is followed by twisting both bridged CsC bonds simultaneously. Because the S 1 PES along either the single CsC twisting reaction coordinate (RC) or the concerted CsC twisting RC is almost flat, a search for the true transition structures on the PES was unsuccessful. Alternatively, we optimized the S 1 structures by constraining the CsC twist angle(s) to 90°and setting the other geometric parameters free. On so doing, the optimized structures of P 1 (only one CsC twisting angle is fixed at 90°) and P 2 (both CsC twisting angles are fixed at 90°) species were obtained. For P 1 , the other CsC twisting angles are 22.5°and 35.4°for 2,7-and 3,6-linked carbazoles, respectively. Calculations of vibrational frequencies indicate that there is only one imaginary value corresponding to the twisting motion of the CsC single bond for the P 1 species whereas two imaginary values correspond to one symmetrical CsC twisting motion and the other asymmetric CsC twisting motion for the P 2 species (Supporting Information).
To obtain energetics for an improved understanding of the interaction between surfaces for excited states, we performed single-point energy calculations at the TD B3LYP/6-31+G(d) level of theory, a theoretical model that reproduces the UV spectrum of carbazole molecule, 24 for three key geometriess the FC state, the S 1 (min), and the perpendicular species (P 1 or P 2 ). Both single CsC twisting (through perpendicular species P 1 ) and concerted CsC twisting (through perpendicular species P 2 ) reaction paths are considered; the corresponding calculated results appear in Figures 9 and 10 , respectively, in which parts A and B show the results for 2,7-and 3,6-linked carbazoles, respectively. When the single CsC twisting RC is followed from the S 1 (min) to the P 1 region, the energy barrier heights are calculated to be ∼5 and ∼0.2 kcal mol -1 for 2,7-and 3,6-linked carbazoles, respectively. Similarly, the energy barriers along the concerted CsC twist RC are calculated to be ∼10 and ∼5 kcal mol -1 for 2,7-and 3,6-linked carbazoles, respectively. That the calculated energy barrier for twisting the bridged CsC bond(s) is much larger for the 2,7-linked carbazole than that for the 3,6-linked carbazole confirms the π-conjugation concept illustrated in Scheme 1.
3.6. Relaxation Mechanism. On the basis of the results of calculations shown in Figures 9 and 10 , we depict the two excited-state RC diagrams (concerted vs single twisting) for 2,7-and 3,6-linked carbazoles in Figures 11A and 11B , respectively. The most prominent discrepancy in the features of the potentialenergy curves between 2,7-and 3,6-linked carbazoles is the order of the S 1 and T 4 states: In the FC and the S 1 (min) region T 4 lies above S 1 for 2,7-linked carbazole whereas the order is reversed for 3,6-linked carbazole; in the P 1 and P 2 region T 4 is located above S 1 for both molecules. As a result, two notable distinct photochemical features arise. First, moving along the single CsC twisting RC from the FC state toward the S 1 (min) region would cause the potential-energy curves to cross between the S 1 state and the T 4 state in 3,6-linked carbazole, but there would be essentially no curve crossing for the 2,7-linked carbazole. Second, moving along the concerted CsC twisting RC toward the P 2 region would cause the S 1 state to cross both the T 3 and the T 4 states for the 3,6-linked carbazole but to cross the T 3 state only for the 2,7-linked carbazole. Because curve crossing between S 1 and T 4 states is impractical in 2,7-linked carbazole, we expect that the efficient S 1 f T 4 ISC would be activated only in 3,6-linked carbazole through twisting of the bridged CsC bond(s) in a free environment. The proposed mechanism for efficient ISC deactivation via twisting motions rationalizes that much more rapid dynamics of relaxation (or much smaller fluorescence quantum yield) were observed for the 3,6-linked carbazole than for the 2,7-linked carbazole in solution. When the twisting motions of 3,6-linked carbazole are inhibited in the PMMA film, a greatly decreased rate of relaxation was observed ( Figure 4B ) because relaxation in the excited state can occur only from the FC state so that efficient ISC via curve crossing would become forbidden in the confined environment.
According to our calculated results, the observed femtosecond relaxation dynamics of 3,6-DPVTCz in toluene solution become rationalized in Scheme 2. The femtosecond pulses at λ ex excite the molecule to its FC state in which geometry relaxation begins on the S 1 PES toward the S 1 (min) region. Because FC relaxation produces vibrationally hot S 1 molecules (S 1 *) with time coefficient τ FC , the excess vibrational energy would be carried away by solvent molecules with time coefficient τ VR , which eventually makes a cold S 1 species. The emission from both hot and cold S 1 species is observable depending on the probe window (λ em ), but it would disappear when efficient electronic relaxation occurs. At greater emission wavelengths (e.g., λ em ) 560 nm) at which a colder S 1 species is probed, 16a we observed a dominant transient component that rises in τ 0 but decays in τ 1 . This observation indicates that the cold S 1 species is produced in ∼600 fs followed by an efficient ISC deactivation along the single CsC twisting RC in ∼12 ps. When the probe window is moved to the smaller emission wavelengths, τ 0 decreases and eventually becomes irresolvable at λ em ) 420 and 440 nm. When the hotter S 1 species were probed at smaller wavelengths (e.g., λ em e 460 nm), we observed an additional transient component that decays in τ 2 . Because electronic relaxation becomes more rapid at a smaller λ em , the corresponding deactivation might involve an appreciable energy barrier to be overcome. The observed relaxation period of 1-3 ps is consistent with the duration required for an efficient S 1 f S 0 internal conversion to occur via twisting the CsC double bond of the vinyl groups an important mechanism for nonradiative deactivation that was observed in stilbene 25 and distyrylbenzene derivatives. 15 
Conclusions
Using picosecond time-correlated single-photon-counting and femtosecond up-conversion techniques, we have studied relaxation dynamics of two distyrylcarbazole derivatives, organic compounds for prospective OLED applications, with the 2,2-diphenylvinyl end groups substituted in either the 2,7-or the 3,6-position. We found that 2,7-DPVTCz exhibits intense emission (Φ f ≈ 0.6) with a longer excited-state lifetime (τ s ≈ 1.4 ns) whereas 3,6-DPVTCz shows weak emission (Φ f ≈ 0.01) with a much smaller lifetime (τ s ≈ 10 ps) of its excited state in dilute solutions. Enhanced emission and increased τ s values were observed for 3,6-DPVTCz encapsulated in a 3,6-DPVTCz/ PMMA solid film for which nuclear motions of the molecule are substantially restricted in a PMMA matrix. Calculations on excited states indicate that the S 1 f T 4 ISC should be considered as an efficient electronic relaxation channel 26 when the twisting motions of the bridged CsC single bond in the 3,6-linked carbazole are feasible. In contrast, this electronic relaxation is inefficient in the 2,7-linked carbazole for the following two reasons: Extensive π-conjugation gives the bridged CsC bond a double-bond character so that a greater rotational barrier is involved in 2,7-linked carbazole than in the 3,6-linked carbazole; curve crossing between the S 1 and the T 4 states would occur along either the single CsC twisting RC or the concerted Cs C twisting RC in the 3,6-linked carbazole, but there would be essentially no curve crossing occurring in the 2,7-linked carbazole. Hence we conclude that localization of the π-conjugation and the bridged CsC bond twisting motion on the excited-state surface are responsible for the much smaller values of Φ f and much more rapid relaxation observed for 3,6-DPVTCz in solution.
Femtosecond relaxation dynamics of 3,6-DPVTCz in solution provide crucial dynamical information to understand the fate of the excited species undergoing FC, vibrational, and electronic relaxations on the S 1 PES. At smaller emission wavelengths, hotter S 1 species were observed, and the corresponding transients SCHEME 2: Relaxation Mechanism of 3,6-DPVTCz in Solution display a biphasic dynamical feature: The rapid component decays in 1-3 ps whereas the slow one decays in ∼10 ps. The rapid component was absent from transients at larger emission wavelengths (λ em g 480 nm) whereas the slow component was retained with an apparent rising feature. The rise-time coefficient was determined to be ∼200 fs at λ em ) 480 nm but increased to a constant value (∼600 fs) at λ em ) 520-560 nm. Therefore, we conclude that after FC and vibrational relaxations the cold S 1 species were observed with the build-up time coefficient ∼600 fs, and then an efficient ISC deactivation, most likely via twisting one of the bridged CsC single bonds, occurs in ∼12 ps. The 1-3-ps relaxation observed only for λ em e 460 nm is assigned to be the S 1 f S 0 internal conversion occurring via twisting the CdC double bond of the vinyl group.
